It has been proposed that insulin-mediated changes in muscle perfusion modulate insulin-mediated glucose uptake. However, the putative effects of insulin on the microcirculation that permit such modulation have not been studied in humans. We examined the effects of systemic hyperinsulinemia on skin microvascular function in eight healthy nondiabetic subjects. In addition, the effects of locally administered insulin on skin blood flow were assessed in 10 healthy subjects. During a hyperinsulinemic clamp, we measured leg blood flow with venous occlusion plethysmography, skin capillary density with capillaroscopy, endothelium-(in)dependent vasodilatation of skin microcirculation with iontophoresis of acetylcholine and sodium nitroprusside combined with laser Doppler fluxmetry, and skin vasomotion by Fourier analysis of microcirculatory blood flow. To exclude nonspecific changes in the hemodynamic variables, a time-volume control study was performed. Insulin iontophoresis was used to study the local effects of insulin on skin blood flow. Compared to the control study, systemic hyperinsulinemia caused an increase in leg blood flow (؊0.54 ؎ 0.93 vs. 1.97 ؎ 1.1 ml ⅐ min ؊1 ⅐ dl ؊1 ; P < 0.01), an increase in the number of perfused capillaries in the resting state (؊3.7 ؎ 3.0 vs. 3.4 ؎ 1.4 per mm 2 ; P < 0.001) and during postocclusive reactive hyperemia (؊0.8 ؎ 2.2 vs. 5.1 ؎ 3.7 per mm 2 ; P < 0.001), an augmentation of the vasodilatation caused by acetylcholine (722 ؎ 206 vs. 989 ؎ 495%; P < 0.05) and sodium nitroprusside (618 ؎ 159 vs. 788 ؎ 276%; P < 0.05), and a change in vasomotion by increasing the relative contribution of the 0.01-to 0.02-Hz and 0.4-to 1.6-Hz spectral components (P < 0.05). Compared to the control substance, locally administered insulin caused a rapid increase (ϳ13.5 min) in skin microcirculatory blood flow (34.4 ؎ 42.5 vs. 82.8 ؎ 85.7%; P < 0.05). In conclusion, systemic hyperinsulinemia in skin 1) induces recruitment of capillaries, 2) augments nitric oxide؊mediated vasodilatation, and 3) influences vasomotion. In addition, locally administered insulin 4) induces a rapid increase in total skin blood flow, independent of systemic effects. Diabetes 51: 1515-1522, 2002
I
nsulin increases skeletal muscle blood flow in a time-and concentration-dependent fashion (1, 2) . Recently, it has been hypothesized that insulin's metabolic and vasodilatory actions are functionally coupled (2, 3) with an important role for microcirculatory function (2,4 -7) . Specifically, it has been proposed that insulin, by reducing precapillary arteriolar tone and/or altering arteriolar vasomotion, redirects blood flow from nonnutritive vessels to nutritive capillary beds, with a resultant increase in the overall number of perfused capillaries, a process termed "functional capillary recruitment" (2, 4) . This increases the distribution volume of nutrients and enhances the access of insulin and glucose to a greater mass of muscle cells for metabolism (2, 4, 8) .
Results from both experimental (5-7) and human (4,8) studies have suggested that insulin-mediated changes in muscle perfusion can modulate insulin-mediated glucose uptake. However, studies in which glucose uptake has been measured during hyperinsulinemia and manipulation of total limb blood flow have shown conflicting results (1, 9) . These differences have been ascribed to the fact that various vasoactive agents may change total flow, but may also have distinct effects on the microcirculation and distribution of blood flow in nutritive compared to nonnutritive vessels (1, 6, 7, 9) . Therefore, a better understanding of the putative effects of insulin on the microcirculation that permit modulation of glucose uptake is necessary.
At present, there is some evidence consistent with insulin-induced capillary recruitment (4,6 -8) . In the isolated-perfused rat hindlimb, insulin increased the metabolism of 1-methylxanthine, an indirect indicator of capillary recruitment (6, 7) . In humans, an increase in the distribution volume of glucose has been demonstrated in parallel with an increase in blood flow during supraphysiological hyperinsulinemia, suggesting capillary recruitment (8) . However, these studies have provided only indirect evidence of insulin-mediated capillary recruitment.
Assessment of skin microcirculation with capillary microscopy enables direct visualization of capillary density and capillary recruitment. By using this technique, we recently demonstrated that capillary recruitment during postocclusive reactive hyperemia is associated with insu-lin's metabolic and vascular actions in both normal and hypertensive subjects (10, 11) . Human skin also allows the continuous assessment of changes in the frequency of vasomotion (12) .
The current study examined the effects of systemic physiological hyperinsulinemia on skin capillary density and capillary recruitment during postocclusive reactive hyperemia as assessed by capillary microscopy. The effectsofinsulinonvasomotionandendothelium-(in)dependent vasodilatation of skin microcirculation were measured with laser Doppler fluxmetry. In addition, iontophoresis of insulin was used to investigate the local effects on total skin blood flow independent of its systemic actions.
RESEARCH DESIGN AND METHODS

Subjects.
Characteristics of the study subjects in each study are given in Table 1 . All subjects were determined to be healthy based on their medical history; nondiabetic, according to American Diabetes Association criteria (13) , and normotensive, as determined by triplicate office blood pressure measurements. They did not use medication and all were nonsmokers. None had a first-degree relative with type 2 diabetes. The study protocol was approved by the local Ethics Committee and conformed with the principles outlined in the Declaration of Helsinki. Study 1. Study design. All subjects underwent the experimental protocol as shown in Fig. 1 . The measurements were conducted in a quiet, temperature-controlled room (T ϭ 23.4 Ϯ 0.4°C) at 8:00 A.M., after a 12-h fast, with the subjects in the supine position and after subjects had emptied their bladder. The subjects had abstained from caffeine-and alcohol-containing drinks overnight. All microcirculatory measurements were performed with the investigated, nondominant hand at heart level. Baseline measurements were obtained after allowing 30 min of rest and acclimatization after the insertion of two polytetrafluoroethylene catheters (Venflon; Viggo, Gothenborg, Sweden): one in the right antecubital vein and one in a vein of the opposite forearm. To exclude nonspecific changes in leg blood flow and microcirculatory function, a timeand volume-control study was performed 1 week after the clamp procedure in an identical fashion with the infusion of the same amounts of fluid (0.65% saline) and with blood sampling at the same time intervals, but without insulin or glucose infusion. The control experiments and hyperinsulinemic clamp experiments were not randomized, because the amount of fluid to be infused during the control study depended on the volume of glucose infused during the hyperinsulinemic clamp study. Whole-body glucose uptake. Sensitivity to insulin-mediated glucose uptake was assessed by a hyperinsulinemic clamp technique, as previously described (10) . Whole-body glucose uptake (M) was expressed per unit of plasma insulin concentration (M/I), thereby correcting for differences in steady-state plasma insulin levels (14) . For convenience, the M/I ratio was multiplied by 100. Leg blood flow. At t ϭ Ϫ60 and 120 min, leg blood flow was measured by mercury-in-silastic strain gauge venous occlusion plethysmography (EC6; Hokanson, Bellevue, WA) with the subjects in the supine position (11, 15 ). An occlusive cuff was placed proximally around the right leg, and the strain gauge was placed around the calf at the largest circumference. A pediatric cuff inflated to suprasystolic pressure was placed at the ankle to exclude foot circulation. Hokanson-dedicated software was used (NIVP3) to automatically balance the plethysmograph, inflate the cuff to 50 mmHg using a E20 Rapid Cuff Inflator and an AG101 Air Source, capture the inflow waveform, and calculate blood flow. Nine separate recordings of leg blood flow were made once every 15 s. Flow measurements were expressed in terms of milliliter flow per deciliter, and represent the average of seven to nine separate recordings. In our hands, this technique has a coefficient of variation (CV) of 10 -14% (present study, 15%). We noninvasively determined systolic blood pressure, diastolic blood pressure, mean arterial pressure, and heart rate (Colin Press-Mate BP-8800; Colin, Komaki City, Japan) with every leg blood flow determination. The average of four consecutive blood pressure and heart rate readings during each period was used for further analysis. Capillary microscopy. The capillaroscopy studies were conducted at t ϭ Ϫ50 and 130 min. Skin temperature was monitored. Nailfold capillaries in the dorsal skin of the third finger were visualized by an epi-illuminated microscope (10, 11, 16) . Capillaries were visualized ϳ1.5 mm proximal to the terminal row of capillaries in the middle of the nailfold of the third finger. This distance was the width of one visual field of the microscope. At this spot, capillaries appear mostly as dots with only a small part of the arteriolar and venular limb being visible. Subsequently, a characteristic capillary (i.e., a capillary that was constantly perfused and had an eye-catching morphological feature) was kept on the same spot exactly in the center of the visual field (marked by a dot on the monitor) to ensure that capillary density was measured in the exact same visual field during the entire experiment and the control studies. Two separate visual fields of 1 mm 2 were recorded before and after 4 min of arterial occlusion, and the images were stored on videotape. The number of capillaries was counted off-line by two experienced investigators (E.H.S. and G.D.V.) from a freeze-framed reproduction of the videotape and from the running videotape when it was uncertain whether a capillary was present or not. The investigators counting the capillaries were unaware of whether the videotapes were from the hyperinsulinemic clamp or control study. Capillary density was defined as the number of erythrocyte-perfused capillaries per square millimeter of nailfold skin. During direct intravital microscopy without dyes, some capillaries seemed to continuously fill with erythrocytes, whereas others were intermittently perfused. Capillary density in the resting state was counted during a 3-min period, counting all, continuously and intermittently, perfused capillaries. Postocclusive reactive hyperemia (PRH) after 4 min of arterial occlusion with a digital cuff (Hokanson) was used to assess functional recruitment of capillaries (10, 11, 16) . In this case, the number of capillaries in the resting state was counted during a 15-s period, counting only continuously perfused capillaries, as previously described (16) . Directly after release of the cuff, the number of perfused capillaries was counted. (The increase in capillary number occurs within a few seconds.) The absolute capillary recruitment during PRH was assessed by subtracting the capillary density in the resting state from the peak capillary density during PRH. The procedure was then repeated using a visual field adjacent to the first visual field. Data concerning capillary densities are the mean of two measurements. Intrasubject CVs of the capillary density in the resting state (15-s vs. 3-min count) and the absolute capillary recruitment during PRH were 2.3 Ϯ 1.8 vs. 5.7 Ϯ 4.3 and 6.2 Ϯ 4.3%, respectively (present study; measured on two separate days in eight subjects; data not shown).
Endothelium-(in)dependent vasodilatation of skin microcirculation.
This was evaluated at t ϭ Ϫ30 and 150 min by iontophoresis of acetylcholine and sodium nitroprusside in combination with laser Doppler fluxmetry, as previously described in more detail (10, 11) . A protocol of multiple fixed doses (current intensity ϫ delivery time) was used, resulting in an incremental dose-response curve (10, 11) . During the iontophoresis procedure, a thermostatic laser Doppler probe was heated to 30°C to prevent a rapid decrease in skin temperature. Acetylcholine (1%; Miochol; Bournonville Pharma, the Hague, the Netherlands) was delivered using an anodal current; seven doses (0.1 mA for 20 s) were delivered, with a 60-s interval between each dose. Sodium nitroprusside (0.1%; Nipride, Roche, Mijdrecht, the Netherlands) was delivered using a cathodal current; nine doses (0.2 mA for 20 s) were delivered, with a 90-s interval between each dose. Acetylcholine-and nitroprusside-dependent laser Doppler flux were measured on dorsal skin of the middle phalanx of the third and fourth fingers, respectively. Dorsal skin was chosen because we were interested in the nutritive function of skin microcirculation as opposed to its thermoregulatory function. Dorsal skin is considered devoid of arteriovenous anastomoses, which serve the thermoregulatory function (17) . During hyperinsulinemia and the control study, the same fingers were used as during the first baseline measurement. The increase from baseline to the final 2 and 3 min of the plateau phase were used for further analyses of the blood flow responses to acetylcholine and sodium nitroprusside, respectively. To exclude possible nonspecific microcirculatory reactivity, responses to the vehicles for both acetylcholine (mannitol 3%) and sodium nitroprusside (water for injection) were tested before and during hyperinsulinemia using identical protocols to those used for both drugs. Skin microcirculatory vasomotion. Blood flow was recorded at t ϭ Ϫ50 and 130 min using the Periflux 4000 laser Doppler system (Perimed, Stockholm, Sweden) in combination with a Periflux tissue heater set to 30°C (PF 4005 PeriTemp) to prevent a rapid decrease of skin temperature. The light, emitted from a near-infra-red laser diode with a power of 1.0 mW at a wavelength of 780 nm, was delivered by an optical-fiber probe (PF 408). The probe, combined with a thermostatic probeholder (PF450), was positioned on the dorsal side of the wrist of the nondominant arm and was kept in place during the entire study period. A bandpass filter with cutoff frequencies at 20
Hz and 20 kHz, and a time constant of 0.2 s was selected. Perisoft dedicated software (PSW) was used for data acquisition on a personal computer. The signal was sampled for 15 min at 32 Hz. Study 2. Insulin iontophoresis. All subjects underwent iontophoresis of regular insulin (0.18 ml Actrapid 100 IU/ml; Novo Nordisk, Bagsvaerd, Denmark) and a control substance (0.18 ml diluting medium for soluble insulin injection; Novo Nordisk) in a double-blind randomized order. The diluting medium (control substance) had the same composition as Actrapid but did not contain insulin molecules. A period of ϳ10 min elapsed between the two measurements. The first measurement was performed on dorsal skin of the middle phalanx of the third finger, whereas the second measurement was performed on the middle phalanx of the fourth finger. The substances were delivered using a cathodal current (18, 19) . To minimize nonspecific current-induced vasoreactivity, nine doses (0.2 mA for 20 s) were delivered, with a 90-s interval between each dose, resulting in an incremental dose-response curve. Blood flow was recorded continuously using the Periflux 4000 laser Doppler system (Perimed) with the thermostatic probe (PF 481-2; recently modified by Perimed to improve the backscatter/flux ratio) set to 30°C. Although systemic glucose-lowering effects of iontophoresed insulin could not be demonstrated in humans (20) , plasma glucose levels were measured before and after the iontophoresis procedures. The measurements were conducted under the same conditions as study 1, but with the subjects in the sitting position. Analytical methods. In study 1, all serum samples were directly centrifuged at Ϫ4°C and stored at -80°C. Insulin levels were measured with an immunoradiometric assay (Medgenix Diagnostics, Fleurus, Belgium). Glucose levels during the hyperinsulinemic clamp were determined by the glucose oxidase method with a glucose analyzer YSI2300 (YSI, Yellow Springs, OH). In study 2, glucose levels were measured with the HemoCue Glucose Analyzer (HemoCue AB, Angelholm, Sweden). Data analysis. Data are expressed as means Ϯ SD, unless otherwise stated. Comparison of microvascular measurements before and during the insulin and control study was performed with a paired t test. In addition, ANOVA for repeated measurements was used to compare the dose-response curve. Fourier transformation was used to determine the frequency components within the laser Doppler signal (12) . The frequency band was studied at 0.01-1.6 Hz, which was divided into a set of intervals. For each interval, a short-time Fourier transform with a different window length was used. On the basis of a recently published study (12), we chose five frequency intervals: 0.01-0.02 Hz, which is thought to contain local endothelial activity; 0.02-0.06 Hz, which is thought to contain neurogenic activity; 0.06 -0.15 Hz, which is associated with the myogenic response of the smooth muscle cells in the vessel wall; 0.15-0.4 Hz, which is the frequency interval of respiratory function; and 0.4 -1.6 Hz, which contains the heart beat frequency. The Mann-Whitney (Wilcoxon) paired statistical test was used to compare differences in energy densities obtained with Fourier analysis. A two-tailed P value of Ͻ0.05 was considered significant. All analyses were performed on a personal computer using the statistical software package SPSS version 9.0.
RESULTS
Study 1
Metabolic and hemodynamic variables. Table 2 shows the metabolic and hemodynamic variables before and during the hyperinsulinemic clamp and time-volume control studies. Both mean arterial pressure (MAP) and diastolic blood pressure (DBP) decreased significantly during hyperinsulinemia (P Ͻ 0.05); however, this decrease was not significantly different (P ϭ 0.75) from the nonsignificant decrease in MAP and DBP observed during the control study. Heart rate increased during the insulininfusion study (P ϭ 0.07), but not during the control study (P ϭ 0.55). The increase in leg blood flow during hyperinsulinemia was significantly different from the change in leg blood flow observed during the control study (1.97 Ϯ 1.1 vs. -0.54 Ϯ 0.93 ml ⅐ min Ϫ1 ⅐ dl Ϫ1 ; P Ͻ 0.01). Capillary microscopy. Capillaroscopy data are shown in Fig. 2 . At t ϭ Ϫ50, baseline (15-s count) and peak capillary density during PRH were not significantly different between the insulin and control study ( 2 [P Ͻ 0.01], respectively), and peak capillary density decreased nonsignificantly (53.1 Ϯ 6.5 vs. 52.3 Ϯ 5.5). The observed increase in capillary numbers during the insulin study was significantly different from that observed during the control study (P Ͻ 0.01). Skin temperature was not significantly different during the experiments (32.7 Ϯ 0.9°C). Endothelium-(in)dependent vasodilatation of skin microcirculation. Results are shown in Table 3 and Fig.  3 . The increase in baseline skin perfusion during hyperinsulinemia was significantly different from the decrease in baseline perfusion observed during the control study (4.5 Ϯ 4.9 vs. -1.0 Ϯ 2.6 arbitrary perfusion unit [PU] [P Ͻ 0.05] for the baseline measurements preceding the acetylcholine procedure, and 1.7 Ϯ 3.8 vs. -3.1 Ϯ 3.1 PU [P ϭ 0.05] for the baseline measurement before the sodium nitroprusside procedure). In addition, hyperinsulinemia significantly increased the vasodilatation induced by both acetylcholine and sodium nitroprusside. In contrast, the vehicle responses were unaltered during hyperinsulinemia (absolute changes in microcirculatory flow before and during hyperinsulinemia: 0.9 Ϯ 8.9 vs. 0.6 Ϯ 4.5 PU [P ϭ 0.9] and 6.9 Ϯ 14.1 vs. 14.3 Ϯ 24.6 [P ϭ 0.4] during iontophoretically applied acetylcholine and sodium nitroprusside vehicle, respectively). After subtraction of the vehicle responses from the drug responses, hyperinsulinemia still resulted in an augmentation of the vasodilatation caused by acetylcholine (139.9 Ϯ 14.7 vs. 210.3 Ϯ 30.5 PU; P Ͻ 0.05) and sodium nitroprusside (103.2 Ϯ 11.8 vs. 133.5 Ϯ 10.4 PU; P Ͻ 0.05). Comparison of the total dose-response curves with ANOVA for repeated measures demonstrated no significant differences between the insulin and control study at t ϭ Ϫ30 for both acetylcholine and sodium nitroprusside (Fig. 3, left panel) . In contrast, the same analysis at t ϭ 150 demonstrated significant differences between the insulin and control study (F ϭ 8.108, P Ͻ 0.05 and F ϭ 6.949, P Ͻ 0.05 for acetylcholine and sodium nitroprusside, respectively) (Fig. 3, right panel) . Skin microcirculatory vasomotion. Table 4 summarizes the energy densities within each frequency interval and the calculated total energy density within the interval 0.01-1.6 Hz. Hyperinsulinemia increased the total spectral energy density of the blood flow signal. Compared to the control study, insulin significantly (P Ͻ 0.05) increased the relative energy contribution of the frequency synchronized with the heart rate (from 0.4 to 1.6 Hz). In addition, the relative contribution of spectral components around 0.01-0.02 Hz, thought to result from local endothelial activity, was also significantly increased (P Ͻ 0.05). 
DISCUSSION
Results from recent studies (4 -8) have suggested that insulin-mediated changes in muscle perfusion can modulate insulin-mediated glucose uptake. However, the puta- tive effects of insulin on microcirculation that permit such modulation have not been studied. To address this issue, we examined the effects of systemic physiological hyperinsulinemia on skin microcirculatory function, the only site available in humans to directly and noninvasively assess microcirculatory dynamics. In addition, the effects of locally administered insulin on skin blood flow were assessed. We report four novel observations. First, hyperinsulinemia can induce recruitment of capillaries in skin. Second, the vasodilatation of skin microcirculation induced by both acetylcholine, an endothelium-dependent vasodilator, and sodium nitroprusside, an endotheliumindependent vasodilator, is augmented by hyperinsulinemia. Third, hyperinsulinemia influences vasomotionthat is, oscillations observed in skin microcirculatory blood flow. Specifically, the relative contribution to total skin blood flow of the spectral components thought to result from heart rate frequency and endothelial activity was increased by hyperinsulinemia. Fourth, insulin induces an increase in microcirculatory blood flow, independent of its systemic actions. Our data demonstrated that hyperinsulinemia is associated with recruitment of capillaries in human skin. This insulin-dependent capillary recruitment is associated with the number of capillaries recruited during postocclusive reactive hyperemia without insulin infusion (r ϭ 0.71; P Ͻ 0.05), a measure of capillary recruitment that has been shown to be related to insulin-mediated whole-body glucose uptake (10, 11) and to be decreased in insulin-resistant hypertensive subjects (11) . Interestingly, during hyperinsulinemia, the number of capillaries perfused during postocclusive reactive hyperemia was similar to the maximal number of capillaries that can be observed during venous congestion (16), a method to expose a maximal number of nonperfused capillaries (16, 21) . This suggests that hyperinsulinemia facilitates recruitment of a maximal number of available capillaries.
Because the intermittent character of capillary flow and capillary recruitment seem, in part, to be controlled by precapillary vasodilatation and vasomotion (22) , it is of interest to assess the effects of insulin on these variables. In the present study, the increase in baseline skin microcirculatory blood flow during hyperinsulinemia, in parallel with that in total leg blood flow, was significantly different from the decrease in baseline skin microcirculatory blood flow observed during the control study. Therefore, consistent with results from most (23,24), but not all (25), studies, hyperinsulinemia induced vasodilatation at the microcirculatory level in skin. Moreover, hyperinsulinemia increased the vasodilatation of skin microcirculation induced by both acetylcholine, an endothelium-dependent vasodilator, and sodium nitroprusside, an endotheliumindependent vasodilator, whereas the nonspecific microcirculatory reactivity to the drug vehicles was unaltered. The insulin-induced augmentation of endothelium-dependent vasodilatation in skin microcirculation is in agreement with similar findings at the level of the resistance vessels, primarily in muscle (26) , but the increase in endothelium-independent vasodilatation is not (26) . Nevertheless, the increase in the effects of sodium nitroprusside, a nitric oxide donor, is consistent with recent findings showing that insulin increases the nitric oxideϪstimulated production of cyclic guanosine monophosphate in vascular smooth muscle cells, regardless of whether the nitric oxide was derived from vascular smooth muscle cellϪinducible nitric oxide synthase or from an exogenous source (27) . Cyclic guanosine monophosphate attenuates the contractile agonist-induced intracellular calcium transient in vascular smooth muscle cells and affects contractile protein function, thereby decreasing vascular smooth muscle cell contraction (27) and favoring vasodilatation. How these changes relate to capillary recruitment, blood flow redistribution, and glucose uptake remains to be determined. Systemic hyperinsulinemia also influenced the rhythmic fluctuations (so-called vasomotion) of skin microcirculatory blood flow. Compared to basal skin microcirculatory blood flow, systemic hyperinsulinemia increased the total spectral energy density of the blood flow signal, the relative energy contributions in the 0.01-to 0.02-Hz interval, in which local endothelial activity is thought to be manifested (12) , and the relative energy contributions in the 0.4-to 1.6-Hz interval, which is synchronous with the heart rate (12). The increased relative contribution of the spectral components resulting from the heart rate, a central control mechanism of microcirculatory flow, is consistent with microcirculatory vasodilatation, which facilitates the transmission of a more upstream signal to the microcirculation. The increased relative contribution of local endothelial activity to the total peripheral blood flow may imply that insulin modulates microvascular flow locally via an endothelium-dependent mechanism. How these changes in vasomotion relate to capillary recruitment or blood flow redistribution also remains to be determined.
It should be recognized that the intermittent character of capillary flow and capillary flow distribution is determined not only by the precapillary arteriolar network, but also by the characteristics of the capillary network itself (28, 29) . This may explain why experimental studies have demonstrated that insulin-mediated glucose uptake in skeletal muscle can be influenced by changes in capillary perfusion, even if total flow to the muscle remains constant (5-7).
Because part of the observed effects of systemic hyperinsulinemia on skin microcirculatory function may be secondary to other systemic effects of insulin (1,2), we assessed whether insulin was able to influence skin blood flow directly. Although iontophoresis of insulin did not induce systemic effects, it did induce a rapid increase in skin microcirculatory blood flow. Nevertheless, it may not be obvious that insulin, applied topically through iontophoresis, penetrates the skin and evokes a blood flow response. The charge of regular insulin is a function of pH. Above its isoelectric point (pKa 5.3), regular insulin is negatively charged (20) . The pH of the diluting medium for soluble insulin is ϳ7.4. The actual range of pHs encountered as insulin progresses into the human skin is 5.4 -7.3 (20, 30) . Therefore, regular insulin is predominantly negatively charged in skin and can be delivered by cathodal iontophoresis. A recent study in humans using cathodal iontophoresis demonstrated that insulin iontophoresis does influence skin blood flow (18) , but no definite conclusions could be reached because a control study was not performed. In the present study, the vascular response to iontophoresed insulin was significantly different from that caused by an appropriate control substance, suggesting that insulin was able to penetrate the skin and reach the microcirculation. Whether this vascular response is attributable to an insulin receptorϪmediated action is unknown. Nevertheless, the 48% increase in skin microcirculatory blood flow is comparable in magnitude to the increase in total limb blood flow observed during systemic hyperinsulinemia (9).
Although muscle is considered the main peripheral site of insulin-mediated glucose uptake (31) and insulin-mediated vasodilatation (32) , comparable metabolic (33, 34) and vascular effects (23, 24, 35) of systemic insulin infusion can be demonstrated in skin. In patients with diabetes, it has been demonstrated that during systemic insulin administration, in parallel with metabolic improvement, there is a redistribution of skin blood flow that favors the nutritive microcirculation (23, 35) . However, those studies (23, 35 ) lacked a control group and therefore were not able to discriminate between direct effects on skin blood flow of insulin versus those of improved diabetic control. Skin microvascular vasodilator capacity is also associated with insulin's metabolic (10, 11, 36, 37) and vascular actions (11) in skeletal muscle. Moreover, influences on skin blood flow have been described during systemic infusion of C-peptide (38) . Therefore, it appears reasonable to investigate skin to learn more about the potential effects of insulin on the microcirculation. Nevertheless, it should be stated that findings concerning skin microcirculation in humans should be extrapolated to muscle with caution.
In summary, our data provided the first direct evidence for insulin-dependent capillary recruitment in human skin. In addition, systemic physiological hyperinsulinemia induces, in parallel with the increase in total leg blood flow (mainly muscle), an increase in total skin microcirculatory blood flow, and augments nitric oxide-mediated vasodilatation in skin microcirculation. It increases the relative contribution of local endothelial activity to skin microcirculatory flow. Moreover, insulin, locally administered and independent of its systemic actions, induces vasodilatation in skin microcirculation. These findings offer a potential physiological framework for further study of the functional coupling between insulin's metabolic and vascular actions.
